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Abstract
In this paper simulation results for integration of CO2 pre-combustion capture by steam methane reforming (SMR)
in membrane reactors (MR) with natural gas fired combined cycle (NGCC) power plants are presented. The
integrated combined cycle was simulated by GTPRO (Thermoflow) simulator along with the results from simulation
of membrane reactor for SMR process developed in this work. The results show that the overall efficiency of the
integrated combined cycles decreased due to the energy required for SMR process. On the other hand, by integration
of MR in combined cycles, emissions of CO2 to the atmosphere can be avoided.
© 2008 Elsevier Ltd.   
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1. Introduction
Several technologies have been investigated in order to reduce CO2 emissions from natural gas fired power
plants. The most widely used technologies are: 1) Post combustion CO2 capture using amine adsorption, 2) Oxy-
fuel combustion and 3) Pre-combustion fuel decarburization. In the pre-combustion technology, natural gas as the
fuel of a combined cycle is converted to H2 and CO2 by steam methane reforming (SMR) process, prior to
combustion. The produced H2 can then be separated from CO2 by different methods and pure stream of H2 enters the
combustion chamber of gas turbine. One of the studies in this field was the work done by Kvamsdal et.al [1]. They
used an auto thermal reactor before the combustion chamber of gas turbine and then separated the produced CO2
with the aid of amine absorption. By using membrane reactors it is possible to take advantage of steam reforming
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reaction and separation in one unit. In the membrane reactor natural gas is converted to H2 and CO2 by steam
methane reforming (SMR) process. By using a hydrogen selective membrane in membrane reactor, the produced
hydrogen can be separated from CO2 simultaneously resulting in two separate streams of H2 and CO2 at the outlet of
membrane reactor.
Many research works have been accomplished so far in order to investigate the operation of membrane reactors
independent from power cycles. However, in order to integrate membrane reformer with combined cycle power
process, operating conditions of the membrane reformer should be in accordance with power process condition.
There is not much information available regarding the catalytic membrane reactors which are applied in power
processes. One example of the use of a membrane reactor is given by Johannessen and Jordal [2]. A steam methane
reformer (SMR) with H2 separating membrane integrated in a recuperated gas turbine cycle was studied. The CO2
rich outlet gas from SMR in that work contained some methane. In that study, the operating condition of membrane
reactor was selected by considering the power plant operating condition. However, the high operating pressures of
power production processes (30-48bar) was a constraint because of pressure limitations for palladium based
membranes. In other investigation by Marigliano, et al [3] on thermodynamic limitations of Pd based membranes;
the highest investigated pressure was 10bar.
In this work, we first present a model for membrane steam methane reformer where methane conversion,
hydrogen production and the required energy for endothermic process of SMR is determined. Then, we will simulate
both the integrated natural gas fired combined cycle and conventional combined cycle with the aid of simulator
under the same condition in order to gain the compatible results.
2. Membrane reactor model
The membrane reactor (MR) used for the simulation in this work is shown schematically in Figure 1. It consists
of two concentric tubes, the inner tube is the membrane and the outer one is the MR shell. The membrane is not
catalytic and only applies as a separation medium. Thus the reaction and separation are carried out simultaneously in
a single unit. The packed bed inert membrane reactor (PBIMR) considered in this work is an annular packed bed
loaded with Ni/Al2O3 catalyst where the inner tube wall is the porous ceramic membrane coated with Pd/Ag which
is permeable to hydrogen only. Axial dispersion in the permeate side is taken into account, whereas the flow in the
reaction side is assumed to be plug flow.
     Steam was used as the sweep gas on the permeate side in order to increase the driving force for H2 separation.
Hydrogen is then separated from the sweep gas mixture by condensation of steam. The energy transfer associated
with the hydrogen permeation through a Pd-based membrane was considered in the energy balances for both sides
of the MR. The Ergun relation was used for pressure drop calculation along the annulus space.
The main assumptions behind the models are: (1) Steady state operation. (2) No radial gradients in the packed
annular bed (3) Ideal gas law and (4) Plug flow on the reaction side. 
    Based on these assumptions all governing equations of the system have been developed and converted into
dimensionless forms in terms of some important dimensionless numbers including Damkohler number, Reynolds
number, Peclet number and Permeation number in order to generalize the model and maintain a general and flexible
model applicable to a wide range of operating conditions. Table 1 shows the kinetic rate equations of reactions 1-3
as well as the hydrogen permeation flux through the membrane.
The system of differential equations of an initial value type for the co-current flow configurations was solved by
Matlab7 using ODE15s. 
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Figure 1. Schematic diagram of the membrane reactor 
Table 1.Membrane Steam Methane Reformer Parameters
Kinetic rate equations of reactions 1-3[4]
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3. Simulation of the membrane reformer and the steam reformer
    Considering the fact that membrane is selective only for H2, the output stream of the permeate side consists of 
only H2 and H2O (the sweep gas) and the water vapour can be removed easily by condensation. Then the pure 
hydrogen enters the combustion chamber of gas turbine as a clean fuel.
    In order to reduce CO2 emissions from power production plants by using membrane reformers and then achieve 
hydrogen fuel, we shall make the output stream of the reaction side in membrane reactors of pure CO2 to its highest
possible extent.
By using the model presented above the performance of the membrane reformers and the conventional reformers
can be compared with respect to the amount of methane conversion. The simulation results shown below are 
presented for the operating temperature of 500°C, the atmospheric pressure and the ratio of the steam to methane of 
3 in the inlet feed to the reactor (Figures 2 and 3 given below).
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3.1. Comparison of the CO and CO2 production in membrane reactors and conventional reactors
 One of the advantages of using membrane reactors is that, the production of intermediate product, CO, is 
significantly reduced, due to the incipient removal of hydrogen through the membrane as can be seen in Figure 2. 
Another advantage, when the CO2 capture is important to us, is that the production of CO2 increases as shown in
Figure 3.
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Figure 2.Comparison of CO dimensionless partial pressure    Figure 3.Comparison of CO2 dimensionless partial 
in the membrane reactor and conventional reactor.                   in the membrane reactor and conventional reactor, 
3.2. Effect of sweep factor on conversion of methane
Sweep factor (I) is defined as the ratio of the sweep gas flow rate to the methane flow rate at the inlet of the reactor. 
Higher values of I correspond to higher driving forces for hydrogen permeation through the membrane, thereby it 
will lead to higher methane conversions. Methane conversion at different values of I is demonstrated in Figure 4. As
it is expected, methane conversion is an increasing function of I.
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Figure 4.Methane conversion at different values of sweep factor (I). 
4. Simulation of combined cycle
Simulation of a combined cycle was carried out for both the conventional natural gas fired combined cycles and for
the integrated natural gas fired combined cycle with membrane reformer, by Thermoflex (Thermoflow) simulator.
Figure 5 shows a configuration of a conventional natural gas fired combined cycle in which all of the components of
the combined cycle such as generator, gas turbine, steam turbine, pump, evaporator, economiser, superheater, wet
cooling tower and stack have been included. For the case of integrated membrane reformer with combined cycle,
hydrogen enters the gas turbine as a fuel. In this case, some of the energy produced by combined cycle shall be
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consumed for the highly endothermic process of SMR. The net amount of energy required by SMR process is
calculated with the aid of kinetic rate equations of reactions presented in Table 1. The calculated amount of energy
for this work is 12 kW per 1kg/sec of the inlet natural gas (methane) to the reactor. 
There are two alternative energy sources in the combined cycle for the supply of this amount of energy. One option
is to provide the energy by a portion of the produced superheated vapour in the steam cycle which is shown in
Figure 6. The other source of energy can be provided by a portion of exhaust gases from the combustion chamber of
gas turbine which carry a high amount of energy as can be seen in Figure 7. 
The operation of the cycle was studied at standard conditions (The compressor inlet temperature of 15°C, ambient
relative humidity of 60% and the ambient pressure of 1.013bar). 
The combined cycle simulated in this work, was a system with a heat recovery steam generator and wet cooling
tower. The type of gas turbine in the combined cycle was Siemens V94.2. 
5. Results and discussion
Simulation results for both two cases of integrated combined cycles was compared with each other and also with
that of conventional industrial combined cycles. These comparisons were made based on the efficiency, power
production and the amount of fuel consumption. Some of the comparison results are presented here. 
5.1. Comparison of power production and efficiency for three configurations of the combined cycle 
As it can be seen in Table 2, due to the consumption of some amount of energy produced by combined cycle for the
SMR process in the membrane reformer, the produced power and efficiency for both cases (1) and (2) of the
integrated combined cycle have decreased in comparison with what that is obtained for conventional combined
cycles. However, this drop is not significant considering the advantage of the reduction of CO2 emissions to the
atmosphere. Moreover, according to Table 2, in the case (1), the power produced and efficiency are less than that of
in the case (2) which shows that higher amounts of exhaust gases are required for SMR process as compared with
the amount of superheated vapour requirement.
Table 2.Simulation results of combined cycle
                     Integrated combined cycle
                Case (1)             Case (2) 
Conventional
combined
cycle
Exhaust gases supplies 
the required energy for 
SMR process
Superheated vapor from
steam turbine supplies the
required energy for SMR 
process
Net power (MW) 235.462 218.618 222.568
Net thermal
efficiency (%) 51.63 50.08 50.99
5.2. Comparison of natural gas and hydrogen as fuels of combined cycle 
The comparison of natural gas and hydrogen as fuels of combined cycles was made based on the amount of gas
required for the gas turbine combustion chamber and the heating values of the fuels. The presented values for
hydrogen in Table 3 are related to the case that a portion of exhaust gases is used as the supply of energy for SMR. 
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Table 3.Comparison of hydrogen and natural gas as fuels of combined cycle
Fuel M (kg/s) LHV HHV (kg/s) 
Natural gas 9.857 46272.2 51228.03
Hydrogen 3.636 120067.5 141893.6
6. Conclusion
Integrated combined cycles with membrane reformers, are promising as a cost-effective production of energy with
CO2 capture. Despite the fact that a number of equipments should be added to the combined cycles integrated with
membrane reformers, the amount of greenhouse gas emissions avoided is significant and the associated costs may be
offset by the cost of CO2.
Figure 5 Conventional natural gas fired combined cycle
Figure 6.Integrated combined cycle with superheated vapor as 
source of energy for SMR process 
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Figure 7.Integrated combined cycle with exhaust gases energy as
the source of energy for SMR process
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